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ABSTRACT
.An existing model of electrokinetic contaminant transport in porous media has been
modified, and its predictions have been compared with the results of laboratory tests. Previous
models of electrokinetic transport have assumed a constant, linear voltage gradient across the soil
column for the entire length of time that the voltage is applied. The effects of a varying, nonlinear
voltage gradient, determined from laboratory data, are incorporated into the model. A finite-
difference computer code has been developed to predict decontamination given input data such
as diffusion, electroosmotic velocity, electromigration velocity, and retardation.
A set of six identical samples of pure kaolinite clay contaminated with strontium was
subjected to a 30 volt direct current electric field for different lengths of time - one, two, four, and
eight days, two weeks, and four weeks. Concentration profiles along the soil column, obtained
from quantitative chemical analysis, were used to compare with the computer model's predictions.
The model, which is based upon the advection-dispersion equation of groundwater
movement, predicts the plug flow migration of a sharp chemical front through the soil column. The
laboratory experiments, however, show a more gradual, diffused flow transport, and exhibit much
greater decontamination rates than estimated by the model. Although the predicted removal rates
were greatly improved with the incorporation of a varying voltage gradient, the plug flow
mechanism was unchanged.
The failure of the advection-dispersion model to adequately predict electrokinetic
decontamination in this study may be due to the exclusion of certain important electrochemical
processes, such as oxidation-reduction potential, from the model. It is also possible that a different
governing equation is reqUired.
CHAPTER 1
INTRODUCTION
1.1 Statement of Problem
-Methods for decontaminating hazardous waste sites have changed since 1980 when the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), or
Superfund, was established. Early remedial actions for contaminated soils consisted primarily of
excavation and disposal at a landfill. More emphasis is now placed on insitu treatment for cost-
, .
effectiveness and reduction of environmental risk. Electrokinetic decontamination is a promising
insitu process capable of removing heavy metals and organic species economically from soil.
, Electrokinetics refers to the movement of water, ions, and charged colloids relative to one
another-under an applied direct current electric field. In a porous compact matrix such as soil,
contami~ated pore fluid may be made to flow to a collection site, where it is SUbsequently removed
from the ground using specially designed collection systems. However, it is generally recognized
that a better understanding of the electrokinetic phenomenon is essential before it can be
realistically converted to an efficient method of soil decontamination.
. One of the important aspects of electrokinetics is the transient migration of a chemical from
the contaminated area to the collection site during treatment. In order to help determine the
potential" of eleetrokinetics to decontaminate soil, it is necessary to develop a model which can
predict contaminant transport under an electric gradient.
.. Several models currently exist, but none encompass all of the complex electrochemical and
mechanical processes involved in electrokinetics. Attempts to build on current models until all
these ~ffects are quantified and incorporated must be made before the extent of decontamination
at a s~e' can be properly assessed.
1.2 Ob,iectlves of Study
The specific objectives of this research are as follows:
. 1. To improve an existing model of electrokinetic transport of
contaminants to include the effects of a voltage gradient which
varies in time and space;
'2. To develop a finite-difference computer code to predict transport
given input data from laboratory experiments;
3. To test the accuracy of the improved model by comparing its
predictions with experimental results;
2
4. To assess the importance of such process-controlling parameters as electrokinetic
flow, current, voltage, and oxidation-reduction potential in the development of a
model.
1.3 Scope of StUdy
An investigation of the transient nature of electrokinetic flow was performed in this study.
A set of long-term electrokinetic tests was conducted in the laboratory on six identical samples,
each with a different termination time - one, two, four, and eight days, two weeks, and four weeks.
An existing model which included the effects of diffusion, convection velocity, adsorption, and
electromigration velocity with an assumed constant electric gradient was modified to contain the
varying electric gradient quantified in the laboratory tests. A finite difference code was developed
to calculate theoretical concentration curves to be compared with the values found experimentally.
3
CHAPTER 2
BACKGROUND
2.1 The Electrokinetic Process
When two charged phases move with respect to one another under an electrical force,
three electrokinetic phenomena occur - electroosmosis, electrophoresis, and the electrolytic
migration of ions. This behavior is explained by the formation of an electric "double layer" at the
charged surface of porous media, such "as a clay-colloid plug.
2.1.1 The Electric Double Layer
A detailed explanation of the double layer concept has been presented by van Olphen
(1963) and is summarized briefly here.
Consider a negatively charged clay colloid surface in contact with a water solution
containing ions. As shown schematically in Figure 2.1, the negative surface attracts positively
charged ions (cations) from the solution. Helmholtz proposed in 1879 that the negatively charged
surface would attract just enough cations for neutralization, resulting in a single layer. Later, in
1910, Gouy-Chapman modified this concept to include the effects of random Brownian motion of
the cations, resulting in a liquid phase distribution over a region from the charged surface, rather
than just a· single layer.
This distributed layer of ions is termed an electric double layer. According to Stern (1924),
it has two components - the Stem layer which is firmly held to the surface, and the diffused double
layer in which the ions are free to move randomly under an electric gradient. In the Stern layer
the potential distribution is linear, and in the diffused layer the potential distribution is given by
Gouy-Chapman (1910) theory.
2.1.2 Electroosmosis
Electroosmosis is the movement of a liqUid phase toward an electrode while the solid
phase remains stationary under a direct current electric field. It has been postulated that the
movement of the ions in the double layer is responsible for electroosmotic flow. A schematic
representation of the process is shown by a single clay pore in Figure 2.2.
The clay particle carries a negative surface charge which attracts cations from the pore
water, creating an electric double layer. An external electric field causes an attraction of the
cations in the double layer to the negative electrode (cathode) and of the negatively charged clay
particles towards the positive electrode (anode). If the clay particles are not allowed to move, the
cations in the double layer migrate towards the cathode, dragging the pore fluid with them. Thus
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FIGURE 2.1 : THE ELECTRIC DOUBLE LAYER.
electroosmotic flow causes a net water transfer through the soil towards the cathode.
It should be noted that, because the ions in the double layer cause electroosmosis, a
porous medium with positively charged surfaces would have flow in the anode direction. The ions
in the pore water beyond the double layer also experience force due to the applied 'electric field,
but this is not part of the electroosmotic process.
2.1.3 Electrophoresis
Electrophoresis is the migration of charged colloids in a solid-liquid mixture under electric
gradient. In a clay water system where the clay is not restrained, the negative particles would
migrate towards the anode. In a poorly consolidated system where colloid movement is likely, this
process would tend to compact the soil to the anode and disintegrate the solid phase on the
cathode side.
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FIGURE 2.2: SCHEMATIC DIAGRAM OF A CLAY PORE UNDER ELECTROOSMOTIC FLOW.
2.1.4 Electrolysis and Electrolytic MigratIon
Electrolysis is the disassociation of water molecules into their ionic components and the
electrolytic migration of ions in an electrolyte solution under electric gradient. It is responsible for
conducting the bulk of the current in the soil-water system.
The chemical reactions inherent in electrolysis decompose water in the vicinity of the
electrodes. These reactions are:
2H20 - 4e- = ~ + 4H+
4H20 + 4e- .. H2 + 40H-
(anode rsactlon)
(cathode reaction)
[2.1]
At the anode, water is oxidized, causing a pH reduction. At the cathode, water is reduced
to form hydrogen gas, causing a pH increase.
Soil decontamination by the electrokinetic method is based on the assumption that most
of the contaminant is present in pore water solution. While non-ionic species will be removed
through electroosmotic flow alone, ionic species will have a flow velocity affected by both
electroosmosis and their own response to the electric field. A cation will migrate towards the
cathode and an anion towards the anode. Since the electroosmotic flow in a clay-water system
6
is in the cathode direction, the migration of cations will be accelerated while the migration of anions
will be slowed by electroosmotic flow.
The disassociation of water into W and o'H' can be effective in removing cations adsorbed
onto the clay surfaces. Since W is a strong cation exchanger, it will tend to replace the cations
on the soil, releasing them into the pore space.
2.2 History of Development of Electroklnetlcs
The electrokinetic phenomena was first observed in the early 1800's and was not dealt with
analytically until 1879. The earliest applications were for soil stabilization, dewatering, and
compaction. Decontamination of hazardous waste sites by electrokinetics is a more recent effort
whose potential is not yet fully known.
A historical review of electrokinetics, which will be summarized here, has been given by
Abramson (1934).
2.2.1 Early Observations
In 1808, F.F. Reuss connected two tubes filled with water to a wet clay and applied a DC
current. He noted that the water level rose at the cathode and fell at the anode, where it also
became cloudy after a while. This was the first recorded observation of the electrokinetic
phenomenon.
In 1846, Napier distinguished between electroosmosis and electrolysis. He reported that
the measurable electroosmosis was greatest when the electrolytic decomposition was least.
Wiedemann (1852) showed that the amount of liquid transported though a porous
diaphragm under an electric gradient was proportional to the current. Additionally, he found that
the ratio of weight of water transported to current was independent of the area of flow and inversely
proportional to the electrical conductivity of the liquid.
Quincke (1861) forced water though a membrane and measured the electrical potential
difference which developed. This became known as streaming potential, and it is proportional to
the pressure applied' to cause the water flow. He also found that the flow to the cathode under a .
given gradient was proportional to the square of the radius of the pore capillaries.
Dom (1880) performed experiments with falling glass beads and sand in a vertical cylinder
filled with distilled water. He found that the particles produced an electromotive force while falling
freely. This Dom potential is caused by the vertical movement of charged particles under gravity.
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2.2.2 .Theoretlcal Development .)
Electrokinetic phenomenon were first handled analytically by Helmholtz in 1879. He
developed an equation for electroosmotic velocity which was modified by Smoluchowski in 1921
to apply to electrophoretic velocity. The equation is known as the Helmholtz-Smoluchowski
equation and reads as follows:
[2.2]
ueo = electroosmotic or electrophoretic velocity
E = permittivity of the liquid (water) in free space
~ = zeta potential (the electric potential at an arbitrary distance from the solid surface
resulting from the interaction between the surface and the electrolyte)
II. =viscosity of the fluid
OciVox = electric gradient
This equation has been modified by Pellat, who introduced the dielectric constant in 1904,
and by Khan (1991), who separated the total current into a clay surface current and a pore water
current. He represented the voltage, E, as two parallel currents across the soil:
I. = surface current
R. =surface resistance of soil
10 =current carried by pore water
Ro =pore water resistance
E .. ',R, .. 'flo [2.3]
In this approach, the boundary between the surface and porewater is defined at the outer
limit of the Stem layer (see Figure 2.1). The zeta potential is postulated to be located here also.
Another notable approach to quantifying electroosmosis is presented by Schmid (1950).
He proposed that the mobile ions in solution are uniformly distributed within the clay pore. This
theory replaced the notion of zeta potential at the slipping plane with the Donnan quantity, which
is defined by the total charge per unit volume of pore fluid.
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2.2.3 Investigations ~nd Applications
The earliest research efforts in the field of electrokinetics involved soil stabilization and
dewatering..Although this study does not involve those aspects of the electrokinetic process, a few
applications are of note.
The first recorded use of electrokinetics in the field was by Leo Casagrande (1939) in
Germany, where excavation of a clayey silt at a railroad cut was impossible due to collapse of the
side walls. By inserting electrodes to a depth of 22.5 feet at 30-foot intervals and applying 180
volts for a few hours, the soil stabilized to the point where excavation could begin.
This method was used again by Casagrande (1953) during the construction of asubmarine
pen in Norway. After applying 40 volts for two days via 60 foot deep iron pipe electrodes spaced
30 feet apart in a silty clay, excavation to a depth of 65 feet was possible. The decrease in water
content'by electroosmosis was only 0.5 percent, indicating that very small reductions in water
content by this process can produce significant increases in soil strength.
A study of the dewatering of sediment suspensions from sodium kaolinite clay was
performed by Lockhart (1982). He found that higher voltages produced more rapid dewatering; to
produce an equilibrium of 37 percent solids at the cathode, natural drainage required 4 to 6 days,
the application of 1 volt !ook 1 day, and the application of 50 volts required le$s than 15 minutes.
Renaud and Probstein (1986) have done extensive research on electrokinetic application
for soil densification to achieve the in-situ creation of barriers around contaminated zones. They
found that the presence of certain contaminants such as ionic salts and polar organics created a
greater flow than is predicted by double layer theory.
\.
2.3 Application for Soli Decontamination
An extensive overview of recent research efforts for soil decontamination has been
presented by Cabrera-Guzman, et. al. (1990). A few examples pertinent to this study are
presented.
Bana~ee and coworkers (1988) published a feasibility study for the potential application
of electrokinetics for chromium decontamination at the United Chrome Products Superfund Site in
Corvallis, Oregon. The contamination ranged from 15,000 mg/L of chromium at the shallow gravel
pit source to 10 mg/L several hundred feet off-site. Bench-scale tests to assess electrokinetic
extraction determined that 1.1 cubic yards of water flushed hydraulically through 1 cubic yard of
soil would remove 95 percent of the contaminant. When an electric gradient of 1.0 volt/cm was
applied, only 0.5 cubic rards of water was reqUired for the same removal.
Field tests were'then conducted to determined the effects of hydraulic pumping and
electrokinetic treatment at the site. Monitoring the chemical content at the cathode, it was found
that pumping alone produced the same results as pumping combined with electrokinetics during
treatment However, after the treatment ceased, the concentration at the cathode decreased
rapidly for pumping alone due to back-mixing and dilution with fresh groundwater. In the case with
pumping combined with electrokinetics, the concentration stabilized due to prolonged migration of
chromium by the electric field. Additionally, it was found thattperiodic pumping with electrokinetics
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removed twice as much contaminant as continuous pumping combined with electrokinetics after
100 times the well volume of water had gone through the system.
Acar and coworkers (1989) felt that the electrochemical effects of electrokinetics were of
major importance, and their studies at Louisiana State University showed that a significant pH
gradient was generated from anode to cathode by the process. The formation of H+ ions by
electrolysis at the anode created a low pH, and similarly the production of OH- at the cathode
caused a high pH. Furthermore, the ion exchange effects between heavy metals and W at the
anode may release adsorbed metal contaminants which could then be removed electroosmotically.
Lagem~ (1989) of the Dutch firm Geokinetics published a report which details an
electrokineti.c process that attempts utilize the pH gradient by controlling the chemical environment
around the electrodes. This essentially involves purging the cathode well by draining the basic
....
solution developed and replacing it with fresh water. At a 100 square meter site contaminated with
110 parts .per million (ppm) of arsenic, this system achieved a reduction to 30 ppm in five months.
This required 36 anodes and a potential gradient of 40 volts per meter.
Khan and coworkers (1989) showed that the cations lithium (U+) and sodium (Na+) have
.:- .
the ability ~o -enhance electroosmotic flow, and that soil densification will not occur if water is
injected during the application of an electric field.
Although electrokinetic decontamination is expected to be most effective in fine soils, a
series of studies conducted by Fleureau and coworkers (1988) did show the development of a
concentration profile of chloride ions in sand. Larger ions such as sulfate were less mobile than
smaller ones. s\Jch as chloride, and all ions became more difficult to transport in the region of the
anode, where the sand would become dense and dry.
Very recent studies have attempted to quantify electrokinetic removal of chemical solvents
through the use of specially designed bench scale electrokinetic reactors in the laboratory. Hamed
and coworkers (1991) found that low levels of Pb(lI) in saturated kaolinite were effectively removed
through the effluent at the cathode. The removal was attributed in part to the pH profile generated
across the soil; as the anode acid was flushed through the sample, any Pb(lI) adsorbed on the soil
was dislodged and ~lIowed to migrate with the pore water to the cathode.
Pamukcu and coworkers (1991) found that zinc may be removed simultaneously through
the anode and cathode ends. The decrease in pH at the anode end enhances zinc dissolution and
diffusion in the region, and the electric current causes a migration of the pore water to the cathode.
A review of attempts to model the electrokinetic flow mechanism is given in Chapter 4.
2.4 Pertinent Fundamental Considerations
This section presents a comprehensive list of system and soil parameters which may
enhance or hinder the electrokinetic mechanism. Acting together, they form a complex set of
interdependent reactions. A full understanding of electrokinetic processes in soil requires
knowledge .in electrochemistry, surface chemistry, clay chemistry, and behavior of soils under an
electric gradient.
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Soil Type : Electroosmosis is believed to be most effective in fine grained soils, since
d~uble layer theory relies on the net negative surface charges found mostly in clays.
Although electrokinetic flow has been observed in sands (Fleureau, 1988), soils with a
large percentage of clays will theoretically exhibit the best flow.
Soil Density: A compact soil will have a greater surface charge density and thus is more
desirable than a loose soil. In the laboratory, ideal conditions dictate 100 percent sample
consolidation at gradually increasing pressures.
Saturation : The more water a soil contains, the more water in contact with the surface
charges and the greater the opportunity for electroosmosis to take place. Ideally, the soils
should be 100 percent saturated; however, partially saturated soils have exhibited
substantial electrokinetic flows also.
.P!i : pH is a measure of the concentration of W ions present in a substance. As
previously mentioned, electrolysis of soil pore water under an electric potential creates a
pH gradient from an acidic anode to a basic cathode. Further investigation of the effects
of this gradient on the electrokinetic process is needed. One possible effect of the W
surplus at the anode is to replace any adsorbed contaminant ions on the soil, thus allowing
for extended decontamination. However, the high pH at the cathode end may cause a less
soluble contaminant to precipitate out of solution in the soil pores, inhibiting the
electrokinetic process. pH is a function of both the oxidation-reduction (redox) potential
and the cation-exchange capacity (CEC) of the system.
Redox Potential: The redox status (Eh) of a soil refers to the presence or absence of
electrons. The electron participates in chemical reactions and may be viewed in the same
manner as W. Since electrons neutralize protons, many chemical reactions, including
electroosmosis, are both Eh and pH dependent. The predominant dissolved species of
an element in aqueous systems are commonly deduced from simplified geochemical
models of Eh-pH equilibrium. For example, arsenic can exist in equilibrium as As3• or AsS.
under a given set of conditions. For illustrative purposes, the results of these equilibrium
calculations are commonly expressed as Eh-pH diagrams. Eh-pH diagrams for many
elements have been assembled by Dragun (1988).
CEC : The total amount of cations adsorbed by the negative surface charges of a unit
mass of soil is defined as the CEC of the soil. CEC changes with the pH of the pore
water; the more W ions present in solution, the lower the CEC.
Adsorption : Adsorption of a chemical species onto a soil refers to its ability to become
chemically bonded to the charged surface. Factors such as a low pH, high redox potential,
and a high CEC can all lead to high adsorption and ineffective electrokinetic removal.
11
Solubility : Contaminants of low solubility in water may tend to precipitate out of solution
under high concentrations. Dissolution is also dependent on pH, redox potential, and CEC.
12
CHAPTER 3
MATERIALS AND METHODS
3.1 Equipment Development
The electrokinetic,process is a relatively new method for in-situ soil decontamination. The
development of an apparatus to simulate the electrokinetic phenomenon in soil was necessary for
this study because:
1. In order to apply a numerical model, it was essential to monitor
such process-controlling parameters as voltage gradient and flow.
2. Experimental contaminant concentration data in the soil column
was required for comparison of the model's predictions.
This section describe's the electrokinetic reactor and its auxiliary consolidation unit which
was constructed to prep~re samples from clay slurries. Further development consideratiol}s, such
as calibration and a review of other existing equipments, are presented by Khan (1991). It should
be pointed out that presently, there is no standard apparatus for measuring electrokinetic flow in
soil.
3.1.1 The Consolldatlo~ Apparatus
A schematic diagram of the consolidation unit is shown in Figure 3.1. It consists of a frame
siJpporting a pneumatic cylinder into which pressurized air enters from the top, causing a piston
and plate assembly to exert vertical pressure on the column of slurry. The slurry is contained
within a circular 15.25 em jnch long acrylic "gUide tube" and "sample tube". The sample tube,
approximately 9.0 cm long: with an inner diameter of approximately 3.5 em, fits neatly into the guide
tube and may be easily pulled out after consolidation, by which time the slurry has been reduced
to a dense soil within it. This sample tube is then mounted in the etec.trokinetic cell, minimizing the
disturbance effects of extrusion.
During consolidation, water is drained through the bottom of the sample via a porous stone
resting on the base. The pi~ton plate also contains a porous stone allowing drainage from the top.
Air pressure is applied to the unit through a regulator not pictured in the sketch.
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FIGURE 3.1 : THE CONSOLIDATION APPARATUS.
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3.1.2 The Electrokinetic Apparatus
The electrokinetic (E-K) apparatus is comprised of two parts - the E-K cell and the control
panel. A schematic diagram of the system is provided in Figure 3.2.
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FIGURE 3.2 : SCHEMATIC DIAGRAM OF THE E-K ApPARATUS AND CONTROL
PANEL.
3.1.2.1 The Electrokinetic Cell
The E-K cell, shown in Figure 3.3, has the following components:
Sample tube: The acrylic sample tube from the consolidation unit is mounted between the
electrode chambers. Ten auxiliary graphite electrodes penetrate the sample through the
tube and are used to measure voltage gradients wit~in the soil during testing.
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FIGURE 3.3 : THE ELECTROKINETIC CELL.
Porous stones: Carborundum porous stones are secured at each end of the sample tube
to allow flow through the sample.
Electrode chambers: Chambers approximately 147.5 cm3 in volume house electrodes at
each end of the soil sample tube. Removable end plates allow for filling and repl~cing
of distilled water and ensure that the unit remains air and water tight.
Electrodes: An electrodE;! assembly with a surface area of 22.5 cm2, constructed of graphite
rods held together with conductive carbon glue, is epoxy-glued into a small hole in the top
back portion af each chamber. The rod is flush with the back outside wall of the chamber.
Power connections: An electrical socket is drilled though the center of the exposed
graphite rod in the back of each chamber. It is fixed in place with both carbon conductive
and epoxy glue. During the test, each connection is run through a variable DC power
source.
Water connections: Quick-connections are provided on the back wall of each chamber to
connect the E-K cell to the measuring burettes on the control panel and to pump water into
the chambers. This connection is made via chemical resistant, flexible Teflon tubing.
Gas expulsion port: Pressure valves are provided at the top of each chamber to release
the gas which develops at electrode sites.
Base: The bottom portion of the electrode chambers attaches to this 2.0 cm thick PVC
block, completing the cell assembly.
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3.1.2.2 The Control Panel
The control panel has the following components:
Water connections: Flexible tUbing connects the inflow measuring burette to the anode
chamber and the outflow m~asu~ng burette to the cathode chamber.
Burettes: Burettes with a capacity of 25 cc are used to measure inflow and outflow to an
accuracy of 0.1 em.
Water fill-drain valves: Three way valves at the bottom of each burette allow for filling or
draining of burettes.
Vent-pressure valves: Exist at the top of each burette to provide gas expulsion.
Voltmeter: °to 30 volt range.
Ammeter: °to 1500 rnA range.
Variable Direct Current Power Source: 0 to 30 volt range.
Pump: 30 mVmin capacity. Used to fill burettes and chambers with water.
o 3.2 Materials
The soil used to prepare the samples in this study is commercially obtained Georgia
kaolinite clay. The clay is contaminated in the laboratory with a 1000 ppm solution of strontium
in distilled water. The salt used to obtain this concentration is SrCI2-6H20, purchased from Fischer
Scientific.
3.3 Sample Preparation
Clay slurries are mixed at 100 percent water content with 1000 ppm strontium solution.
The sample tube and guide tube are assembled on the base of the consolidation apparatus and
filled about 3/4 of the way with slUrry. After the removal of air bubbles, the piston is lowere~ into
the guide tube to the top of the slurry column and the apparatus assembled. A setting load of 2
psi is applied to overcome mechanical friction.
Samples are consolidated to cibout 40 percent water content under a final pressure of 30
psi (200 kPa). Calibration of the instrument determined that, for a factor of safety of two,
consolidation be conducted for 24 hours at increments shown in Table 3.1.
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The last column in this table accounts for the ratio of diameter (0.7) between the piston and
the end plate. Th~e pressure delivered by the piston is distributed uniformly over the larger area
of the end plate, resulting in a reduced pressure than desired on the slurry column. This was
adjusted by dividing desired pressures by 0.7 and applying the result.
Table 3.1 : Consolidation Procedure
Cumulative Desired Pressure ' Applied Pressure
T,ime (psi) (psi)
(hours)
·2 5 7
4 10 14
-1'4 15 21
20 20 . 29
22 25 36
24 30 42
After consolidation, the sample tube is extracted from the consolidation apparatus and any
soil extruding from the top end is trimmed. Porous stones and o-rings are glued to each end with
silicone glue, and after applying high vacuum grease to the inner circular openings of the
chambers, the sample tube is mounted between the chambers. This is achieved by unscrewing
one chamber of the unit, positioning the sample, and reassembling the cell.
Because this study required accurate voltage readings, ten aUxiliary probes are inserted
through holes drilled at equal lengths across the soil sample.
The end plates of the electrode chambers are coated with vacuum grease and attached,
and the chambers are pumped full with distilled water. The cell is connected to the panel through
the water and power lines. Water is pumped up through the burettes and the drain valves closed.
All air must be removed through the gas expulsiol'), ports; this will cause water to drain from the
burettes into the chambers. After air removal, water is filled about halfway up the burettes. The
cell is now ready for'an experiment.
3.4 Electrokinetic Testing
For the pUrpOses of this study, a set of long-term tests was conducted on six identical
samples of kaolinite contaminated with strontium. Strontium was chosen because, in background
tests, it remained in solution for wide ranges of pH and thus proved to be a suitable metal for
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efficient electrokinetic treatment. In addition, the modeling of the transport mechanism was
envisioned to be less complicated by factors such as precipitation.
Each test was assigned a different termination time - one, two, four, and eight days, two
weeks, and four weeks. The tests were run under a constant voltage of 30 volts.
3.5 Measurements
The following is a record of data collected before, during, and after the E-K test:
During consolidation: Water content, pH, and quantitative chemical analysis sampling is
done on the slurry. The volumes of the top and bottom waters extracted during
consolidation are measured and analyzed for chemical concentration.
During sample preparation: A portion of the trimmings from the consolidated sample is
analyzed for water and chemical content. This measurement provides an "initial"
concentration of contaminant in the sample and allows for normalization of concentrations
obtained after the E-K test.
During the E,-K..test: Volumetric electroosmotic inflow and outflow readings are taken from
the burettes., The system is checked to ensure that it is delivering 30 volts, and the
corresponding current is recorded. Voltage readings through the anode and cathode
chambers are taken via the power connections, and voltage drops across the soils are
taken via the secondary electrodes. Readings were generally taken at zero, 15, and 30
minutes and one and two hours at the start of the test. For the shorter tests, readings
were taken· every two to three hours thereafter; for the longer-term tests, values were
recorded only about every 12 hours.
After the E-K test: During cell disassembly, the pH of the anode and cathode waters is
recorded and the waters are stored for chemical analysis. Because the cathode water is
generally basic and may contain metal that has precipitated out of solution, it is acidified
with the addition of Hel before analysis to provide a more accurate chemical content
analysis. The colors of the water and soil are recorded. The soil is then extruded from
its tube and measured at the center of the soil cross-section at 10 evenly spaced points
along its length for pH, water content, and reduction-oxidation (redox) potential in millivolts.
3.6 Methods of Analysis
Water content samples were dried for at least 24 hours in an oven at about 100°F,
according to ASTMD4959. The pH of water was measured using a Beckman digital pH meter alJd
standard bulb probe. A flat probe, Orion #913600, was used for the soil pH readings. The redox
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potential of the soil was. measured with a millivolt meter and flat platinum redox probe, Orion
#967800.
Quantitative chemical analysis was performed in the Atomic Absorption Spectrophotometer
(AA), Perkin Elmer, according to Standard Methods for the Examination of Water and Wastewater
(1985), #303A.
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CHAPTER 4
THE MATHEMATICAL MODEL
4.1 Introduction .
In recent years potentially harmful substances have been added to soils through land
application of agricultural chemicals, contaminated precipitation, landfills, and leaking hazardous
waste storage sites. The removal of these hazardous species from groundwater and soils using
electrokinetics is a relatively new technology. To help determine its potential, it is necessary to
develop a model to predict contaminant transport under an electric gradient.
The removal of chemical species from porous media using electrokinetics relies on the
convection of the pore liquid containing the chemical toward one of the electrodes, where the fluid
is collected. In addition to convection, the species dissolved in the pore fluid will be transported
by diffusion, and charged molecules will migrate in the electric field or become adsorbed onto the \
soil. The model used in this study includes the combined transient effects of convection due to
electroosmosis, diffusion, adsorption, and electromigration in a one-dimensional system.
A finite-difference solution is used to develop a software code, in Pascal, to predict
transient contaminant concentrations along the soil column. This solution can then be compared
, to the laboratory results to validate or negate the model.
The software code is available at Fritz Engineering Laboratory, Lehigh University.
4.2 LIterature Review and Model Development
A general model of electroosmosis has been developed by Probstein (1989). His model
predicts the transient behavior of concentration fields for a set of chemical species in solution which
are transported by convection, diffusion, and migration- in an electric field. His model also includes
rapid chemical equilibrium reactions and electrode reactions. Although he presents concentration
profiles found by finite element solution, he neglects to compare these with analytical or
experimental results.
Acar (1989) presents a model of W migration, or pH gradient development. under
electroosmotic flow. His finite,element solution, when compared to an analytical one, shows an
excellent correlation. Both of these models employ the second-order differential advection-
dispersion equation as the governing equation. With certain modifications to be discussed later
in this chapter, contributions from each of these models served as the existing model to be
compared with experimental results in this study.
The effects of adsorption on solute transport were explored extensively by Selim (1988).
He proposed that there are two types of retention sites on soil matrices distinguished by the rate
of kinetic retention reactions. The model in this study considers adsorption only as a simplified
linear Fr~undlich isotherm. Selim (1989) treated adsorption in this way when modeling the
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transport of chromium (VI) in soil columns. His finite diff~rence solutions matched very closely with
experimental breakthrough curves.
4.2.1 The Advection-Dispersion Equation
Probstein uses the one-dimensional advection-dispersion equation for reactive constituents
in saturated, homogeneous porous media:
[4.1]
C =contaminant concentration, mgJl
t = time
x = coordinate direction taken along the flow path
Ox =hydrodynamic dispersion in the direction of the flow path. m2thr
Vx =velocity of the species in the pore fluid, mlhr
R =chemical reaction term
Acar (1989) revised this equation to include the effects of adsorption:
[4.2]
Pb = bulk dry density of the medium, glcm'
1'\ = porosity of the medium
S = mass of chemical adsorbed onto the soil per unit mass of soil
Modification of this basic equation to include electrokinetic effects requires a detailed
investigation of its parameters and material constants.
4.2.2 Model Parameters and Material Constants
Numerical values for all parameters and constants discussed in this section may be found
in Table A1, Appendix A. The values were detennined experimentally for the six tests and used
as input to the computer model.
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4.2.2.1 Hydrodynamic Dispersion
In a homogeneous porous medium, nonreactive solutes should be carried at a rate equal
to the velocity of the pore water. There is a tendency, however, for the solute to spread out from
the path it would be expected to follow owing only to pore water velocitY. This spreading
phenomenon is called hydrodynamic dispersion. It occurs because of mechanical mixing of the
solute during transportation and because of molecular diffusion due to the thennal-kinetic energy
of the solute particles. A more detailed explanation is given by Freeze (1979).
The coefficient of hydrodynamic dispersion, Ox, can be expressed in tenns of two
components:
[4.3]
. IX,. =dynamic dispersivity, a property of the porous medium, m
v == velocity of the fluid, mlhr
D' =coefficient of molecular diffusion, m2/hr
The factor ex.. is dependent upon the size and frequency of the soil pores, and in fine-
grained soils the contribution of the first tenn is negligible due to very low velocities. In the case
of kaolinite, the hydrodynamic dispersion may be taken equal to the molecular diffusion coefficient.
Tuncan (1991), found experimentally that for saturated kaolinite consolidated to 30 psi,
4.2.2.2 Velocity
2
D .. D" .. 7.2 x 10-7 .!!2-
x hr
[4.4]
The total velocity of a chemical species in a porous medium under an electric potential is
[4.5]
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The first term is the electromigration velocity, which represents the migration of ions in the
pore water in an electric field. It is given by:
v .. z'=-D· av
m RT ax
D' =coefficient of diffusion
z =valence of the ionic species
F =Faraday's constant, 95480 Coulo~b&'mol
R =ideal gas constant. 287 JouleslkgIK'
T = ambient temperature
fNlox = electric gradient, volt&'m
[4.6]
In past studies, both Shapiro and coworkers (1990) and Acar and coworkers (1989) made
the simplifying assumption that the electrical gradient is constant in time across the specimen. In
this study, ten electrodes were inserted through the specimen for the purpose of measuring the
voltage gradient throughout the durati.on of the electrokinetic tests.
The data shC?ws that the electric gradient is not constant and, when fitted to a fourth-order
regression curve in time, exhibits oscillatory behavior. Graphs of the voltage variation OV as a
function of time for the six tests may be found in Appendix A.
To improve the existing models, the regression curves describing the electric gradient were
incorporated into the finite difference code such that:
ax .. distance bstwesn BuxlllBIY electrodes ..
~ of totsl sample length ...oa:m .. O.OO956m
av .. aVl~
Then:
z =+2 (for strontium)
T =62"F =2900 K
D' = 7.2 x 10.7 m2/hr
24
[4.6a]
[4.6b]
[4.6c]
The second term in Equatio~ 4.5 is the convection velocity due to electroosmotic flow of
water, which is determined fr0111 laboratory data as a function of the slope of the flow curve:
1 Sv .. --
C "A
1'\ = soil porosity
S = slope of flow curve, m3/hr
A = cross-sectional area of flow, 0.000958 m2
[4.7]
The flow curves generated in this study may be found in Appendix A.
The last term in Equation 4.5 is included to account for any external hydraulic gradients.
No hydraulic gradients were applied ih these experiments. -
4.2.2.3 Chemical Reactions
The reactions taking pjace in the pore fluid of an electrokinetic system are assumed to be
the fast dissociation-association reactions of water described by Equations 2.1. For the problem
at hand, the time scales associated with convection, diffusion, and electromigration are generally
much larger than the reaction times. Shapiro and coworkers (1990) stated that these reactions
occur at a rate of less than 10.5 .seconds. Therefore, chemical equilibrium conditions in which the
forward and reverse rate balance may be assumed, and R in Equation 4.1 takes on a value of
zero.
4.2.2.4 Adsorption
In the adsorption term of Equation 4.2, OS/5t represents the rate at which the chemical
constituent in the pore water is adsorbed onto the soil, and (Pb/T\)(OS/5t) represents the change in
concentration in the fluid caused by adsorption. The amount of contaminant adsorbed by the soil
is commonly a function of the' concentration in solution, S = f(C). Freeze (1979) derived the
following:
as asae
-----
at ae at
Pbas Pb as ae
---- .. -----
"at "ae at
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[4.8]
Buchter (1989) studied the retention of 15 heavy metals by 11 soils. He found, for solute
species at low or moderate concentrations, straight-line relations on logarithmic plots such that
log S • n log C + log kd
S .. kpn
[4.9]
Equation 4.9, where~ and .n are coefficients dependent upon the solute species, is known
as the Freundlich isotherm. Buchter (1989) presents linear isotherms, or n =1, and
as
- .. kdac
[4.10]
~ is known as the distribution coefficient It is a valid representation of adsorption only if
the isotherm is linear and is assumed for strontium in this study. This assumption may be
substantiated by the trend of linear isotherms found for heavy metals by Buchter (1989).
Furthermore, he found pH to be the most important factor affecting ~, with low pH soils retaining
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FIGURE 4.1 : pH GRADIENTS IN SOIL AT DIFFERENT TERMINATION TIMES.
26
less than high pH soils, From Figure 4.1, it is apparent that the soil pH gradients in this study
remained consistently low for long periods of time (and wide ranges of concentration). Thus, the
low ~ value found in this study during background tests:
k
d
.. mass of solute In solid phase per mass of solid phase .. 2.5 mL
concentration of solute In solutIon g
[4.11]
is reasonable. It should be noted that both the pH values and the ~ value found in this study were
among the lowest found by Buchter (1989). Thus his trends extrapolate to this study.
Now Equation 4.1 may be rewritten as
[4.12]
The coefficient on the left hand side of Equation 4.12 is called the retardation coefficient,
re• Because of adsorption, the effects of diffusion will be lowered and there will exist a retardation
of the chemical front relative to the bulk mass of water,
4.2.3 The Revised Equation
The advection-dispersion equation can now be simplified and tailored for the uses of this
study:
ac . D" &C_a _
at 'c ax2
[4.13]
r... retardation coefficient
D'." .. D'/r effective diffusion coefficient, m2/hr
v...... v,jr effective convection velocity, m1hr
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[4.14]
4.3 The Finite-Difference Solution
Crank and Nicolson (1947) proposed one finite-difference solution of Equation 4.1, with no
reactions, as
C'J+1 - CfJ • DX {C/+1J+1 - 2C'J+1 + C'-1J+1 + C'+1J - 2Cfj + C'-1J}
At 2 AX- A)(-
_ Vx{C/+1 J - Cf-1 J + C'+1 J+1 - C'-1 J+1 }
2 2Ax 2Ax
[4.15]
Simplified, this yields
-(2).Dx + ).Axv)C'_1 J+1 + (4 + 4;'D)C'./+1 + ().AXVx - 2).D)C(+1 ./+1=
(2).Dx + ').AXV)C'_1J + (4 - 4;,D)C'J + (2').Dx - ').AXV)C'+1J
[4.16]
1.. =AtJ~ =mesh ratio
The left side of Equation 4.16 contains three unknowns (at time j+1) and the right side
three known, pivotal values of C (at time J). If there are N internal mesh points along each time
row, then for j = 0 and i = O,1,2, ... ,N, Equation 4.16 gives N simultaneous equations for the N
. unknown pivotal values along the j = 1time row in terms of known initial and boundary conditions.
Similarly, j =1expresses N unknown values of C along the j =2 time row in terms of the values
calculated along j = 1. This is shown pictorially in Figure 4.2. A method such as this, where the
calculation of an unknown pivotal value necessitates the solution of a set of simultaneous equations
is described as an implicit one.
A formula which expresses one unknown pivotal value directly in terms of known pivotal
values is called an explicit formula. Although computationally simple, the mesh ratio is very
restricted, requiring very fine spatial and time nets and a cumbersome amount of time steps to
reach a given time t The Crank and Nicolson (1947) method reduces the total volume of the
calculation and places less restriction on the spacial and time nets required for accuracy.
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FIGURE 4.2 : COMPUTATIONAL MOLECULE OF THE CRANK-NICOLSON IMPLICIT
METHOD.
4.3.1 Spacial and Temporal Discretization
Sufficient conditions for stability or nonoscillatory solutions of the Crank-Nicolson finite
difference solution are given by Keller (1967) as
Vx.olf = Ve,.1f + Vm,.1f
[4.17]
For this study, spacial net of the order 10.5 m in a computational domain of 8.6 cm was the
maximum allowable, with a time step of between 2 and 5 minutes. More precise values are given
in Table A1 in Appendix A.
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4.3.2 InlUal and Boundary Conditions
Before the electrokinetic test, each sample is assumed to have a consistent concentration
of chemical throughout, with the exception of the anode end which is in contact with distilled water.
In the model code, all concentrations are normalized such that
C(x,O} • 1.0
C(O,O} .. 0
[4.18]
The anode end of the soil is in contact with distilled water throughout the test. At the
cathode, the concentration of the water just outside the sample can be assumed equal to the
concentration at the sample end, normalized to a length of 1. These boundary conditions may be
expressed mathematically as
C(o,~ .. 0
a-C(1,~ .. 0
ax
[4.19]
The boundary condition at the cathode end is not entirely valid for t=O, because initially
both electrode chambers are filled with distilled water. However, the condition becomes true almost
immediately as solute is diffused and pumped electrokinetically through the system. Also, the
boundary condition at the anode end fails to take into account any back-diffusion which may occur.
This amount is assumed so small as to be negligible.
4.4 Contributions of this Study
In former models of electrokinetic flow, the electric gradient across the soil sample was
assumed to be linear and constant in time. This study provides an in-depth experimental
determination of voltage gradient variation throughout an electrokinetic test and incorporates this
variation into a revised model. Although many theoretical models have been proposed, limited
experimental information exists on how contaminants move through an electrokinetic system. This
study provides a set of laboratory data to be compared with a model which contains experimental
parameters as input.
4.5 Limitations of the Model
This model accounts for diffusion, convection, electroosmosis with a varying voltage
gradient, and adsorption. Consolidation effects, solute chemical reactions, precipitation,
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neutralization, and ion exchange reactions are not included. Also, back-diffusion of the solute at
the anode end is not accounted for.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Introduction
This chapter presents a comparison of the experimental electrokinetic test results with
predictions made by the mathematical model. Concentration profiles generated along the soil
column, both theoretical and experimental, are discussed, and a comparison of the extent of
strontium removal is made. In addition, such process-controlling parameters as electroosmotic
flow, current, voltage, and redox potential are examined.
5.2 Comparison of Model Predictions and Experimental Results
In comparing the theoretical and experimental results, two topics emerged as relevant -
the mechanism of contaminant removal (Le. plug flow or diffused flow) and the extent of removal.
The determination of the mechanism of removal involves a comparison of the concentration profiles
predicted by the model and observed in the laboratory.
5.2.1 Concentration Profiles
The concentration profiles found experimentally at the termination of each laboratory
electrokinetic test are shown in Figure 5.1. The concentration values and the length of the soil
column have both been normalized to a value of 1.0. Precise concentrations as measured in the
Atomic Absorption Spectrophotometer may be found in Table A2, Appendix A. A chemical mass-
balance for Sample 1 is included in Table A3, Appendix A.
Although the concentration values fluctuate along the soil column, the profiles do not
appear to exhibit the plug flow behavior which would be expected from the advection-dispersion
equation (Equation 4.1). Rather, the decrease in strontium concentration with time is somewhat
uniform across the length of the soil column.
The disagreement between the model's predictions and the laboratory results can be seen
more clearly in Figures 5.2 and 5.3. At 24 and 48 hours, the model (see Appendix B for sample
program output) clearly exhibits strict plug flow behavior, while the experimental results appear to
be a diffused contaminant flow. In Figure 5.4, both the model and the experiment show nearly
complete contaminant removal at four days, but the plug flow mechanism exhibited by the model
is still apparent at the cathode end.
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FIGURE 5.1 : LABORATORY CONCENTRATION PROFILES DETERMINED AT THE TERMINATION TIMES SHOWN
(CONCENTRATION AT 8 DAYS, TWO WEEKS, AND FOUR WEEKS WAS BELOW THE DETECTABLE LIMITS OF
THE AA).
Several possibilities exist for the failure of the advection-dispersion equation to adequately
predict electrokinetic flow in this study:
1. Many electrochemical processes, such as redox potential and pH
gradient development, may play a crucial role in contaminant
transport and thus may need to be incorporated into the model.
2. The results presented here may be pertinent to the materials used
(e.g. strontium, kaolinite). In background tests, different metals
and different soils yielded very dissimilar results.
3. The advection-dispersion equation, although widely used to
describe contaminant transport in groundwater systems, may be
inadequate to predict movement under an electric gradient. A
new governing equation may be necessary.
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FIGURE 5.3 : THEORETICAL AND EXPERIMENTAL CCWCENTRATION PROFILES FOR SAMPLE 2 (48
HOURS).
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FIGURE 5.4: THEORETICAL AND EXPERIMENTAL CONCENTRATION PROFILES FOR SAMPLE 3 (4 DAYS).
5.2.2 Extent of Removal
Experimental and theoretical removal rates are presented in Figure 5.5 as a function of
pore volumes of water removed from the soil column during the electrokinetic test. Prior to the
four-day test, which corresponds to a pore water volume removal of about 4.5, the model highly
underestimates the electrokinetic removal. For example, at 48 hours or about 1.5 pore water
volumes, the model predicts only about 22 percent contaminant removal, while the laboratory
results show nearly 90 percent.
However, the model and experimental results agree on about a 99 percent removal by the
fourth day and complete removal thereafter. Reasons for the discrepancies in the short-term tests,
in addition to those given in Section 5.2.1, include possible numerical insecurity in the computer
code; perhaps the code is better suited to predict longer term test runs. A numerical sensitivity
analysis would better address this issue.
5.3 Discussion of Process-Controlling Parameters
The monitoring of electroosmotic flow, current, voltage, and redox potential during
laboratory testing was imperative in order to determine model input parameters and to project
future modifications to improve the model. A discussion of ,hese parameters follows.
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5.3.1 Electrokinetic Flow
Cumulative eleetroosmotic flow for a 28 day period is shown in Figure 5.6. Because the
inflow and outflow curves are linear, the quantity of flow is constant in time. The average
electrokinetic flow for the six laboratory tests was· roughly 1.0 cm3/hr (see Appendix A).
Ideally, the inflow and outflow curves of Figur~ 5.6 should be identical. Experimental error
such as an unsaturated sample, faulty equipment, or the accidental removal of electrode chamber
water during gas extraction can cause the curves to.diverge.
5.3.2 Current
Measurements of the current through the electrokinetic system were taken throughout the
tests and are shown in Figure 5.6 for 28 days. After an initial peak, the current levelled off to a
(
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FIGURE 5.6: ELECTROOSMOTIC FLOW AND CURRENT FOR 28 DAYS.
low constant value after about 150 hours. This corresponds closely to the time that,
experimentally, all of the strontium was flushed out of the soil.
The current efficiency after 150 hours was computed on the order of 3.0 mllmA-hr. This
falls within the range of electroosmotic transports as functions of concentration and water content
as given by Mitchell (1976).
5.3.3 Voltage Gradients
Voltage gradients across the soil, as measured by the auxiliary electrodes (see Figure 3.3)
are shown at the termination time for each of the six laboratory tests in Figures 5.7 through 5.12.
The voltage gradient has already been shown to vary greatly with time (see Appendix A). In Figure
5.7, the voltage gradient across the soil sample is large, but the steep curve flattens with time and
becomes relatively flat by four weeks (see Figure 5.12). This transient behavior further illustrates
the importance of incorporating a varying voltage gradient into an electrokinetic model, particularly
for short-term studies.
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5.3.4 Redox Potential
Redox potential (Eh), the presence or absence of electrons in the soil, may be a very
important electrochemical parameter affecting electrokinetic decontamination. Redox potential
measurements taken with voltage measurements in the laboratory are shown in Figures 5.7
through 5.12. In each graph, the redox curve flows roughly the sarne pattern as the voltage
gradient curve, becoming roughly flat by 28 days.
The importance of redox to the electrokinetic process stems from its ability to alter the
predominant dissolved species of element in an aqueoussystem. Although Dragun (1988) shows
that strontium' remains as Sf+ for wide ranges of Eh, it may be difficult to pre9iet the removal of
such metals as arsenic, mercury, and zinc, which show·a large variation in species for different
redox-pH couples. The incorporation of redox potential into the electrokinetic model may improve
its ability to predict decontamination.
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5.4 Comparison of Existing and Modified Models
As previously mentioned, the contribution of this study to improving the existing model of
electrokinetic 'flow was the introduction of a varying voltage gradient in time and across the soil
sample. To determine the extent of improvement, the computer model was run for the four day
test with a constant voltage gradient of
av
- II
ax
vol. across soli sampl8 ..
length of sample
30 V .. 348.84 ~
0.086 m m
[5.1]
The results of this run are shown in Figure 5.13. From the graph, the addition of a varying
voltage gradient is an obvious improvement for the prediction of contaminant removal, accelerating
the flow of chemical through the system. However, the plug flow mechanism is not affected.
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FIGURE 5.13: COMPARISON OF CONCENTRATION PROFILES FOR CONSTANT VOLTAGE AND VARYING
VOLTAGE FOR SAMPLE 3 (4 DAYS).
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CHAPTER 6
CONCLUSIONS AND RECOMMEND:4nONS
6.1 Conclusions
The conclusions summarized in this chapter attempt to address the specific objectives of
this work as outlined in Section 1.2.
6.1.1 Ability of the Model to Predict Electrokinetic Flow
The plug flow described by the advection-dispersion equation did not adequately predict
electrokinetic transport of strontium in kaolinite clay in this study. The experimental results
revealed a more diffused flow than was expected. In addition, the extent of decontamination was
significantly greater (about seven times) in the laboratory experiments than predicted by the model
for the short-term (up to four days) tests. However, after four days, when the soil column was
completely decontaminated, the model and experimental results agreed.
Possible reasons for the discrepancies are as follows:
1. Other electrochemical processes such as redox potential play a
crucial role in the electrokinetic process, and the absence of these
from the model causes inadequate predictions.
2. The results presented here may be pertinent to strontium in
kaolinite only, and decontamination in other metal-elay pairs can
be correctly predicted by the model.
3. The plug flow phenomenon may occur very soon after the electric
, gradient is applied. By running the shortest test for 24 hours, plug
flow effects may have been "missed".
4. The migration of a sharp chemical front is difficult to model
numerically, and other spacial and temporal limits may be needed
which were not employed here.
5. The advection-dispersion equation may not be. the appropriate
goveming equation for electrokinetic transport of metallic
constituents in soil.
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6.2 Recommendations for Future Studies
In future studies of this kind, changes and adqitions should be made both in the laboratory
and when seeking to improve the numerical model. Experimentally, the following is suggested:
1. Conduct time-dependent electrokinetic tests on a variety of metal-
clay pairs to see if any conform to plug flow.
2. Conduct very short term tests (for example 1 hour) to see if the
plug .flow mechanism exists at any time after the electric field is
applied.
3. Conduct detailed laboratory studies for such material constants as
diffusion anCl retardation for each metal-clay pair tested. This will
serve to eliminate the possibility of errors.
The following additions and revisions to the model are recommended:
1. Perform a numerical sensitivity analysis of the model to test its
accuracy in describing the transport of a sharp chemical front.
For example, change the diffusion coefficient by five or€lers of
magnitude, or change the grid size by one or two orders, and
compare' results.
2. The computer model should ultimately include a knowledge-based
system of all process-controlling par~eters - for example, the
r
44
speciation effects of pH-redox couples and electroosmotic flow as
a function of applied voltage. The database should be continually
built upon as more experimental data is collected.
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VOLTAGE GRADIENT VARIATION CURVES
50
Note : Each plot of voltage gradient in time contains 9 curves,
each representing the voltage over 1/9 of the sample as
measured between the 10 auxiliary electrodes, term~d "probes"
(see Figure 3.3). The curves are labelled P1-P2, P2-P3, etc.,
where P1-P2 (Probe 1 - Probe 2) is the plot of the voltage
gradient over the first 1/9 of the sample, P2-P3 over t~e second
1/9 of the sample, etc.
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FIGURE A3 : VOLTAGE GRADIENT VARIATION FOR SAMPLE 3 (4 DAYS).
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FIGURE A4 : VOLTAGE GRADIENT VARIATION FOR SAMPLE 4 (8 DAYS).
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ELECTROKINETIC FLOW AND CURRENT CURVES
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<0
I Table A1 : Model Input Parameters I
,
Sample 11 Pb rc S vc·103 vc,on·1O• vmor(10· v.,on...,...103 .. O'on·107 ~X'105 ... ~t Grid
(glcm') (cm'/hr) (mlhr) (mlhr) (mlhr) (mlhr) (m%r) (m) (min) Size ..**
1 0.56 1.18 6.2 0.7714 1.435 2.29 3.13-l>V1 1.73 1.15 6.65 2.31 1290
2 0.59 1.13 5.8 0.9507 1.702 2.91 3.41-l>V2 1.21 1.23 10.2 5.08 843
3 0.58 1.12 5.7 1.7285 3.084 5.33 3.44-l>V3 1.74 1.24 7.13 2.47 1200
4 0.57 1.16 6.0 1.1717 2.142 3.52 3.28-l>V. 1.17 1.18 10.1 5.15 851
5 0.56 1.19 6.3 1.2124 2.256 3.58 3. 16-l>Vs 1.62 1.14 7.04 2.6 1223
6 0.57 1.16 6.0 1.0654 1.948 3.20 3.28-l>V6 1.24 1.18 9.53 4.67 902
-
• The maximum value of vc.off+vm.oW The maximum value of vm is taken where oV(t) is greatest (see Voltage Gradient Variation Curves).
•• Calculated using v'.moll for the most conservative estimate in Equation 4.17.
••• Calculated using a computational domain (sample tube size) of 8.6 em.
~
Table A2 Concentration of Strontium.
Chemical Concentration Data (mg/kg of dry soil)
I Normalized Location II Sample 1 ISample 21 Sample 3 I
anode 4.5 15.2 1.9
0.1 11.4 43.9 0.2
0.2 48.8 84.5 4.6
,
0.3 213.5 97.2 1.6
0.4 79.8 97.8 6.5
0.5 192.6 70.8 9.2
0.6 70.6 84.-2 3.4-
0.7 124.4 133.4 0.4
0.8 85.4 157.1 39.8
0.9 235.7 91.6 26.0
cathode 284.9 n.7 34.3
initial (before electrokinetic test) I 660.4 I 749.5 I 767.3 I
.. Concentration in clay slurry before consolidation =892.5 mglkg of slurry.
.. Concentrations of Samples 4, 5, and 6 after the electrokinetic test fell below the
detectable limits of the Atomic Adsorption Spectrophotometer.
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Table A3 : Chemical Mass-Balance for Sample 1
Normalized Weight Water Weight Strontium Weight of
Location of Content of Concentration Strontium
Wet Soli Dry (mg/kg (mg)
(g) Soil" of dry soil)
(g)
anode (0.4 ppm) 0.1" total
water ,
0.1
anode soil 13.6 0.40 9.7 4.5 0.0 0.1
0.1 19.0 0.43 13.2 11.4 0.2 0.3
0.2 14.4 ,-Q.97 7.3 48.8 0.4 0.7
0.3 12.1 0.41 8.6 213.5 1.8 2.5
0.4 10.5 0.38 7.6 79.8 0.6 3.1
0.5 7.9 0.39 5.7 192.6 1.1 4.2
0.6 9.8 0.40 7.0 70.6 0.5 4.7
0.7 8.4 0.40 6.0 124.4 0.7 5.4
0.8 10.2 0.46 7.0 85.4 0.6 6.0
. 0.9 7.9 0.46 5.4 235.7 1.3 7.3
cathode soil 5.4 0.50 3.6 284.9 1.0 8.3
cathode (292.1 ppm) 43.1 51.4
water
initial 128.5 0.43 89.9 660.4 59.4 59.4'"
(before E-K
test)
* weight of dry soil = (weight of wet soil) / (1 + water content)
** calculation of Sr in chambers is based upon a chamber volume of 147.5 cm3
*** 8 grams of Sr, or 13 percent, remains unaccounted for
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ApPENDIX B
SAMPLE COMPUTER PROGRAM OUTPUT
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Sample 2
Total time = 2880 minutes
Matrix = 843 x 843
Diffusion Coefficient = 1.2300000000E-07
Time Step = S.OOOOOOOOOOE+OO
Convection Velocity = 2.9100000000E-04
Retardation Coefficient = S.8S00000000E+00
M[l] = 0.000, M[2] = 0.000, M[3] = 0.000,
M[4] = 0.000, M[5] = 0.000, M[6] = 0.000,
M[7] = 0.000, M[8] = 0.000, M[9] = 0.000,
M[lO] = 0.000, M[ll] = 0.000, M[12] = 0.000,
M[13] = 0.000, M[14] = 0.000, M[lS] = 0.000,
M[16] = 0.000, M[17] = 0.000, M[18] = 0.000,
M[19] = 0.000, M[20] = 0.000, M[21] = 0.000,
M[22] = 0.000, M[23] = 0.000, M[24] = 0.000,
M[2S] = 0.000, M[26] = 0.000, M[27] 0.000,
M[28] = 0.000, M[29] = 0.000, M[30] = 0.000,
M[31] = 0.000, M[32] = 0.000, M[33] = 0.000,
M[34] = 0.000, M[3S] = 0.000, M[36] = 0.000,
M[37] = 0.000, M[38] = 0.000, M[39] = 0.000,
M[40] 0.000, M[41] 0.000, M[42] = 0.000,
M[43] = 0.000, M[44] = 0.000, M[45] = 0.000,
M[46] = 0.000, M[47] = 0.000, M[48] = 0.000,
I M[49] = 0.000, M[SO] = 0.000, M[Sl] = 0.000,:1 M[S2] 0.000, M[S3] 0.000, M[S4] 0.000,= = =
M[SS] = 0.000, M[S6] = 0.000, M[S7] = 0.000,
M[S8] = 0.000, M[S9] = 0.000, M[60] = 0.000,
M[61] = 0.000, M[62] = 0.000, M[63] = 0.000,
M[64] = 0.000, M[6S] = 0.000, M[66] = 0.000,
M[67] = 0.000, M[68] = 0.000, M[69] = 0.000,
M[70] = 0.000, M[71] = 0.000, M[72] = 0.000,
M[73] = 0.000, M[74] = 0.000, M[7S] = 0.000,
M[76] 0.000, M[77] = 0.000, M[78] = 0.000,
M[79] = 0.000, M[80] = 0.000, M[81] = 0.000,
M[82] = 0.000, M[83] = 0.000, M[84] = 0.000,
M[8S] = 0.000, M[86] = 0.000, M[87] = 0.000,
M[88] = 0.000, M[89] = 0.000, M[90] = 0.000,
{
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M[91] =
M[94] =
M[97] =
M[100]
M[103]
M[106]
M[109]
M[112]
M[115]
M[118]
M[121]
M[124]
M[127]
M[130]
M[133]
M[136]
M[139]
M[142]
M[145]
M[148]
M[151]
M[154]
M[157]
M[160]
M[163]
M[166]
M[169]
M[172]
M[175]
M[178]
M[181]
M[184]
M[187]
M[190]
M[193]
M[196]
M[199]
M[202]
M[205]
M[208]
M[211]
M[214]
M[217]
M[220]
M[223]
M[226]
M[229]
M[232]
M[235]
M[238]
0.000, M[92] = 0.000, M[93] = 0.000,
0.000, M[95] =.0.000, M[96] = 0.000,
0.000, M[98] = 0.000, M[99] = 0.000,
= 0.000, M[101] = 0.001, M[102] = 0.001,
= O.OO~, M[104] = 0.001, M[105] = 0.001,
= 0.001, M[107] = 0.001, M[108] = 0.002,
= 0.002, M[110] = 0.002, M[lll] = 0.002,
= 0.003, M[113] = 0.003, M[114] = 0.004,
= 0.004, M[116] = 0.005, M[117] = 0.005,
= 0.006, M[119] = 0.006, M[120] = 0.007,
= 0.oa8, M[122] = 0.009, M[123] = O.OlG,
= 0.011, M[125] = 0.012, M[126] = 0.013,
= 0.015, M[128] = 0.016, M[129] = 0.018,
= 0.020, M[131] = 0.021, M[132] = 0.023,
= 0.026, M[134] = 0.028, M[135] = 0.030,
= 0.033, M[137] = 0.036, M[138] = 0.039,'
= 0.04~, M[1401 = 0.045, M[141] = 0.049,
= 0.052, M[143] = 0.056, M[144] = 0.061,
= 0.065, M[146] = 0.070, M[147] = 0.075,
= 0.080, M[149] = 0.085, M[150] = 0.091,
= 0.097, M[152] = 0.103, M[153] = 0.109,
= 0.116, M[155] = 0.123, M[156] = 0.130,
= 0.137, M[158] = 0.145, M[159] = 0.153,
= 0.161, M[161] = 0.170, M[162] = 0.179,
= 0.188, M[164] = 0.197, M[165] = 0.207,
= 0.217, M[167] = 0.227, M[168] = 0.237,
= 0.248, M[170] = 0.259, M[171] = 0.270,
= 0.281, M[173] = 0.292, M[174] = 0.304,
= 0.3~6, M[176] = 0.328, M[177] = 0.340,
= 0.352, M[179] = 0.365 M[180] = 0.378,
= 0.390, M[182] = 0.404, M[183] = 0.417,
= 0.431, M[185] = 0.445, M[186] = 0.459'"
= 0.474, M[188] = 0.490, M[189] = 0.508,.
= 0.525, M[191] = 0.542, M[192] = 0.558,
= 0.574, M[194] = 0.590, M[195] = 0.606,
= 0.621, M[197] = 0.636, M[198] = 0.650,
= 0.664, M[200] = 0.678, M[201] = 0.692,
= 0.705, M[203] = 0.717, M[204] = 0.730,
= 0.74'2, M[206] = 0.753, M[207] = 0.765,
= 0.776, M[209] = 0.786, M[210] =0.797,
= 0.806, M[212] = 0.816, M[213] = 0.825,
= 0.834, M[215] = 0.843, M[216] = 0.851,
= 0.859, M[218] = 0.866, M[219] = 0.874,
= 0.881, M[221] = 0.887, M[222] = 0.894,
= 0.900, M[224] = 0.906, M[225] = 0.911,
= 0.917, M[227] = 0.922, M[228] = 0.976,
= 0.931, M[230] = 0.935, M[231] = 0.939,
= 0.943, M[233] = 0.947, M[234] = 0.950,
= 0.954, M[236] = 0.957, M[237] = 0.960,
= 0.963, M[239] = 0.965, M[240] = 0.968,
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M[241] = o.970, M[242] = 0.972, M[243] = 0.974,
M[244] = 0.976, M[245] = 0.978, M[246] = 0.979,
M[247] = 0.981, M[248] = 0.982, M[249] = 0.984,
M[250] = 0.985, M[251] 0.986, M[252] 0.987,
M[253] = 0.988, M[254] = 0.989, M[255] = 0.990,
M[256] = 0.991, M[257] = 0.992, M[258] = 0.992,
M[259] = 0.993, M[260] = 0.994, M[261] = 0.994,
M[262] = 0.995, M[263] = 0.995, M[264] = 0.996,
M[265] = 0.996, M[266] = 0.996, M[267] = 0.997,
M[268] = 0.997, M[269] = 0.997, M[270] = 0.997,
M[271] = 0.998, M[272] = 0.998, M[273] = 0.998,
M[274] = 0.998, M[275] = 0.998, M[276] = 0.999,
M[277] = 0.999, M[278] = 0.999, M[279] = 0.999,
M[280] 0.999, M[281] = 0.999, M[282] = 0.999,
M[283] = 0.999, M[284] = 0.999, M[285] = 0.999,
M[286] = 0.999, M[287] 0.999, M[288] = 1. 000,
M[289] = 1.000, M[290] = 1. 000, M[291] = 1.000,
M[292] = 1.000, M[293] = 1.000, M[294] = 1. 000,
M[295] = 1.000, M[296] = 1. 000, M[297] = 1. 000,
M[298] = 1.000, M[299] = 1. 000, M[300] = 1.000,
M[301] = 1.000, M[302] = 1. 000, M[303] = 1. 000,
M[304] = 1.000, M[305]' = 1. 000, M[306] = 1.000,
M[307] = 1.000, M[308] 1. 000, M[309] = 1. 000,
M[310] = 1.000, M[311] = 1. 000, M[312] 1. 000,
M[313] 1.000, M[314] = 1. 000, M[315] 1. 000,
M[316] = 1.000, M[317] = 1. 000, M[318] = 1. 000,
M[319] = 1.000, M[320] = 1. 000, M[321] = 1. 000,
M[322] = 1.000, M[323] = 1. 000, M[324] = 1. 000,
M[325] = 1.000, M[326] = 1. 000, M[327] = 1. 000,
M[328] = 1.000, M[329] = 1. 000, M[330] = 1. oob,
M[331] = 1.000, M[332] = 1. 000, M[333] 1. 000,
M[334] 1.000, M[335] = 1. 000, M[336] = 1. 000,
M[337] = 1.000, M[338] = 1. 000, M[339] = 1. 000,
M[340] = 1.000, M[341] = 1. 000, M[342] = 1. 000,
M[343] = 1.000, M[344] = 1. 000, M[345] = 1. 000,
M[346] = 1.000, M[347] = 1. 000, M[348] = 1. 000,
M[349] = 1.000, M[350] = 1. 000, M[351] = 1. 000,
M[352] = 1.000, M[353] = 1. 000, M[354] = 1. 000,
M[355] = 1.000, M[356] = 1. 000, M[357] 1. 000,
M[358] = 1.000, M[359] = 1. 000, M[360] = 1. aba,
M[3 61] = 1.000, M[362] = 1. 000, M[363] = 1. 000,
M[364] = 1.000, M[365] 1. 000, M[366] = 1. 000,
M[367] = 1.000, M[368] 1. 000, M[369] = 1. 000,
M[370] = 1.000, M[371] = 1. 000, M[372] = 1. 000,
M[373] 1.000, M[374] 1. 000, M[375] = 1. 000,
Note : The remainder of the output values
(to M[843]) = 1.000. They are not
included in this Appendix.
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